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Abstract—The direct detection of faint planets around bright nearby stars calls for the development of high-
contrast narrow-field detection techniques. A number of novel coronagraphs have recently been proposed, but
this chdlenging goa may dso cal for the development of nove types of telescope architecture. The approach to
high-contrast narrow-field imaging presented here replaces the monalithic telescope assembly with an array of
amdl “sub-gperture’ telescopes, with the find pupil being assembled by means of a Ingle-mode fiber array.
Such an approach can potentidly have a much smdler volume, mass and cost than alarge and accurately-
figured monolithic telescope.

1. INTRODUCTION

Imaging nearby planetary systems requires high angular-resolution, high contrast observations very dose to
bright sars. To image a Szable number of potentid systems, stars out to a few tens of parsecs must be
observable with agiven technique. For example, at a distance of 20 pc, aradiusof 1 AU subtends 50 milli
arcsec (mas), so the angular resolution must be of this order or better. In terms of the wavelength, |, and
aperture diameter, D, the full width a haf maximum (FWHM) angular resolution of a single, round telescope
aperture is gpproximately | /D. Numericdly, with| ., the wavelength in microns and Dy, the aperture diameter
in meters,
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A resolution of 50 mas with a Sngle round aperture then implies Dy, » 4 |y, sothat for | = 0.5t0 1 mm,
diameters as smdl as 2 to 4 m would be adequate. However, because coronagraphs typicaly only provide
good transmission a angles larger than afew (i.e. 2- 4) | /D of the stellar pogition [1], the estimated aperture
Szes must be scaled up accordingly, resulting in most cases in telescope apertures of order 8 - 10 m. Such
gzable apertures remain a chalenge for space-based systems. Some recent coronagraph designs alow access
to somewhat smdler angles [1], and so reduce the telescope diameter requirement somewhat, but extreme
telescope accuracy requirements remain. With an exo-earth reflecting roughly 2~ 10™° of the stdllar flux in the
optica, the necessary wavefront correction level isa the 0.1 nm leve [2]. This contrast-based congraint cannot
be eased, but it may be possible to obviate the telescope accuracy requirement by instead providing an
extremely accurately corrected wavefront downstreamin the opticd train. This paper explores this approach.

2. TELESCOPES

Although telescopes have long been central to astronomy, specific telescope implementations have evolved to
meet changing needs. Thus, lens-based telescopes have largely been replaced by reflective telescopes to
provide broadband performance, and dngle-point imaging solutions, such as paraboloidal and dua-mirror
Cassegrain and Gregrorian telescopes, have given way in some cases to wide-fidd imagers such Ritchey-
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Chretien and Schmidt telescopes. It is thus natural to ask what type of optica system might be best for high-
contrast, narrow-fidd imaging. To date, coronagraphic “backends’ have been appended to existing telescopes.
Here we ask whether a different telescope configuration can provide performance superior to that of the more
classcd telescope/coronagraph combinatiors.

The firg requirement for high-contrast narrow-fidd imeaging is high angular resolution, implying large apertures or
basdines. However, filled apertures are not required — only long basdines within some aperture envelope.
Second, to dlow for deep stellar suppresson, a nearly perfect wavefront is required. However, this highly
accurate wavefront is not required throughout the optical train; it is required only a the coronagraph entrance.
Third, the detection of fant companions requires reasonably high-qudity imaging, but not extremey high image
quaity. FHndly, imaging is required only over avery smdl fidd of view (FOV), because the region of interest for
planetary companionsis only afew arc seconds across.
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Figure 1. Top: A 2-dimensond “envelope’ pupil aperture filled with an array of small telescopes. Bottom:
Ass=mbly of awavefront from an array of sub-pupils with a generdized DM.

The high-qudity wavefront is thus required only at the coronagraph entrance. Since an adaptive optics (AO)
sysdem will in any case be employed just prior to the coronagraph to apply wavefront corrections, one can
congder smply abandoning the attempt to maintain a nearly- perfect wavefront through the bulk of the optica
train, focusing instead on correcting or “assembling” a nearly-perfect wavefront for the firg time at the AO
system output. We thus consider a generdized wavefront “ corrector” to assemble a pupil plane wavefront from
its condtituent pieces, such as individud subpupils. The pieces of the find wavefront need not even arrivefrom
the same direction, since each dement of a generdized deformable mirror (DM) can in principle supply its own
tip-tilt angles as well as an optical path difference (OPD). As shown in Fig. 1 (bottom), such an optic could thus
be used to assemble a pupil plane wavefront from a set of sub-agperture beams (each of which could have high
interna wavefront qudity).

Where then do the sub-aperture beams originate? Perhaps the smplest case is thet of a close-packed array of
amdl telescopes filling alarger “envelope’ pupil, asin Fg. 1 (top). Heresfter this case is referred to as a multi-
goerture telescope (MAT). The reason for conddering this case is that the massve and voluminous monalithic
telescope assembly can be replaced by alarge number of smaller and more compact telescopes. Thuseg., an 8
— 10 m primary mirror, with a secondary 10 — 20 m away, can be replaced by a large number of smal

telescopes of order 10 cm in diameter, each of which provides one sub-aperture beam to the corrector stage.
Furthermore, each sub-aperture beam can be matched to an individuad DM dement, thus providing tip/ilt and
OPD matching between neighboring beamlets.



3. OPTICAL PATHLENGTH M ATCHING

This goproach will work only if dl of the sub-aperture beams can be phased properly. “Phesng” is normdly
provided by the monalithic telescope itself, as a telescope can be considered to be awide-aperture delay line, in
which the macrascopic mirrors provide each ray entering the aperture with just the right path delaysto arrive at
the common focus with a common OPD. (This condition idedly gpplies only to a sngle image point, with
aberraionsincreasing as the image point departs from the optica axis.) Inthe MAT case, OPD matching across
thefind pupil needsto be achieved in some other fashion.

One could congder usng separate delay lines for each compressed sub-agperture beam, but this results in a
bulky and complex system of N? dday linesfor an N~ N array of sub-apertures. However, there is an easier
way: matched sngle-mode fibers can be wsed to provide the necessary OPD delays without acomplex system
of delay lines, asilludraied in Fg. 2. In principle the small telescopes can be on or off—axis paraboloids, two
mirror systems, or even a st of achromatized lenses. Such a fiber-based approach could even eiminate the
need for secondary mirrors in the smal telescopes, as single mode fibers can couple directly to primary beams
of smdl focd ratios (F#'s). The approach pursued here thus replaces the macroscopic telescope with an array
of small telescopes and afiber array bundle which is used to assemble the full envelope pupil downstream.
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Figure 2. The multi-aperture telescope (MAT) concept: a close-packed array of small telescope-letsis
followed by alendet array coupled to afiber array which is used to assemble and phase the pupil.

The accuracy requirement origindly levied on the telescope surface is thus transferred to the fiber array. Thus,
beamlet OPD, disperson, intensties, and polarizations must be matched. Thus getting a MAT to work to high
precison relies entirely on the degree of matching of the fiber array. A degree of disperson compensation has
aready been demondtrated by usng macroscopic dispersion compensators to correct for temperature-induced
dispersion in the fibers used in long-basdine interferometry [5]. On the other hand, rather than using didectric
wedge compensators, two successve fibers of differing materids might be employed. Conversely, temperature
can be used directly as a control dement, as can other physical effects, such as stress. Moreover, it is now
possible to make use of awide variety of nove photonic fibers with structuraly determined properties, making
low-dispersion fibers physicaly redizable [6]. Thus, while OPD matching for such an array of fibers needsto be
demondtrated, it is not viewed as an insurmountable chalenge. In contrast, the control systems for the other
parameters are fairly straightforward: intendity control can easly be achieved by changing the pointing of the
beams onto the individua fiber heads (and so the coupling into the single mode fibers), while polarization control
can be achieved by either rotating the fiber ends, or by twigting the fibers.



4, COMPARISON TO M ONOLITHIC APERTURES

Arrays of subpupils within alarger telescope aperture have previoudy been considered mostly in the context of
pupil plane interferometry [3], but this gpproach has in general not been considered for direct imaging, likely
because of the smadl fidd of view (FOV) provided by sngle mode fibers. for smal telescope-lets of diameter of
10 to 20 cm, and wavelengths of 0.5 to 1.0 mm, the Sngle-mode FOV is of order 1 arcsec. However, such a
andl FOV is not a limitation when the target fields themsdves are small, such as in the exoplanet case.
Moreover, amdl sub-aperture diameters aso dlow coupling of individua sub-aperture beamsto individuad DM
elements (10 cm subapertures within a 10 m envelope pupil would require a 100 x 100 DM), for complete
control of subaperture phases. The most Sgnificant potentid limitation of such a fiber-based imeging system is
thus the necessary degree of OPD and disperson matching of the fibers, but the necessary accuracy is no worse
than that needed by a precise monoalithic telescope followed by ahigh-order extreme AO system.

The MAT concept thus replaces a large classcd telescope with an array of samall telescope-lets Stuated in a
common pupil plane, after which a fiber bundle is used to assemble a compressed and phased pupil. The bulky
mondlithic telescope primary mirror is thus replaced by a set of light- weight individua telescopes, and the
telescope surface accuracy requirement becomes a requirement on phasing the individud sub-apertures.
Moreover, the distant secondary mirror and its support structure are diminated entirdy. In place of the
voluminous 3-dimensiona telescope assembly present in the monalithic case, the MAT optica assembly ismuch
smdler in height, and would be closer to a 2-dimensiond structure. For amonolithic telescope of pupil area D?,
where D is the primary mirror diameter, its height is FD, where F is the primary focd ratio, (of order 1 - 2),
leading to a volume » FD®. On the other hand, an array of small telescopes would aso fill an envelope pupil of
approximate area D?, but the height would be » fd, where f is the foca ratio of the smdl sub-aperture
telescopes (again of order 1 — 2), and d is the diameter of an individud sub-aperture telescope, leading to a
volume » fdD?. Thus, assuming similar focdl ratiosin the two cases, the height of the required optical assembly is
reduced in the MAT case by the factor d/D. Since d/D can be of order 0.01, a very sgnificant savings in
volume and weight can result

Note that some variants of the idea of using sub-apertures within alarger telescope pupil have been considered
[3], but usudly in the context of interferometric pupil-plane recombination As such, these approaches neither
suggested diminating the monalithic telescope, nor do they yield an image plane. Another concept, the
“hypertelescope,” does make use of multiple apertures, but these are generaly widely separated, and o this
approach resembles long-basdine interferometry more than single aperture imaging [4]. In contrast, in the MAT
approach, the monolithic telescope is diminated entirely, the envelope pupil aperture is closaly filled with sub-
apertures, and afind image planeis directly provided.

5. THE EFFECT OF SINGLE M ODE FILTERING

In the MAT approach, the overdl “envdope’ pupil is modified in severd ways — it is first ssgmented into an
aray of sub-apertures with smal gaps in between, then each sub-gperture is individudly spatidly filtered,
leading to a perfect wavefront in each sub-aperture. Findly, the spatialy-filtered sub-apertures are assembled
into a composite pupil and phased. In the first step, the pupil isin effect “digitized.” In the second step, only the
average fidd in each sub-aperture is transmitted down its fiber. Propagation down the fiber removes higher
order aberration modes [7], leading to a perfect plane wavefront in the emerging recollimated sub-aperture



beam. The net result for the find assembled, collimated pupil is thus a “digitized” pupil, with the field in eech
sample given by the average fild coupled into thet fiber.

Nevertheless, the image a the focus of the find, common focusing optic is little affected by this digitizetion With
non-zero gaps between the subapertures, smal differences between the monalithic pupil point spread function
(PSF) and the MAT PSF arise. The extra scattered light ends up a large angular offsets from the opticd axis, in
paticular, a multiples of | /g, where g isthe grid or “grating” spacing. Thus, the firgt grating sidelobe due to the
gaps lies outsde the subgperture single mode beam (of FWHM » | /d, where d is the subaperture diameter). As
aresult (Fig. 3; left), theinner part of the PSF, i.e, that part which couples to the single mode fiber beam, is not
veay different from the origind monolithic telescope PSF (unless the gaps are alarge fraction of d).
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Figure 3 Left: Comparison of the diffraction patterns produced by a monolithic circular aperture (light
curve), and the same gperture divided into an array of subapertures (dark curve). The centrd dark hole
region (corresponding to the single mode subaperture beam) extends out to “angle’ = 32, wdl insde the
fira PSF replica at “angle’ = 64. Right: The effect of spatid filtering on the wavefront from an off-axis point
source isto digitize each subaperture fidd &t its average vaue.

Now, sngle mode fibers couple only to light within their input numerical gpertures, thus providing an outer
working angle (OWA) on the sky roughly equa to haf the subaperture diffraction beam width, or | /2d.
Sources much beyond the OWA are thus inaccessible to observation with a angle-mode filter based system.
However, only a smal FOV is desred in the exoplanet case. In fact, the domain of influence of the DM is
perfectly matched to this OWA if an N x N DM array were to be matched to the N x N subaperture array
because NI /D =1 /d. Since this N x N centra region of the focd plane defines the wel-corrected “dark-hole”
region, beyond which AO correction does not gpply, the use of individud sngle-mode-filtered subaperture
beams of FWHM | /d implies no loss of information in the targeted inner dark hole. Furthermore, the extra
scattered light discussed above iswel beyond | /2d, or outside of the dark hole region, and so isirrdevant.

For an off-axis source, the phase digitization leads to a “Staircase’ phase didtribution a the output of the fiber
bundle (Fg. 3; right). Nevertheless, condructive interference, and so the image point, occurs at the angle for
which the phase seps are dl in phase, i.e, in the origind image direction. Thus, within the DH, the imaging
remains true even after passage through the fiber array. The use of an array of angle-mode-filtered subapertures
thus provides a system optimized specificdly for the narrow-fidd imaging case: the snge-mode subaperture
FOV corresponds exactly to the wel-corrected DH region, and dso to the source region of interest.
Conversdly, there is little interest in the region beyond the fiber OWA, because of the lack of both DM
correction and companions of interest. Matching the sub-agpertures to the DM dements thus guarantees that
only the desired centra dark hole isimaged properly.



6. STELLAR SUPPRESSION

The final aspect is Sarlight suppression. Many orders of magnitude of starlight suppresson are needed to alow
detection of faint planetary sgnas. One of the great advantages of the fiber-based MAT approach isthe ability
to provide arbitrary atenuations in each of the subapertures (Fig. 4; left), thus dlowing the pupil to be apodized
smply by adjugting the amount of light emerging from each of the fibers. This can be accomplished by dightly
mis-pointing the input beams to dightly decouple each darlight beam from its fiber. As this makes use of
hardware dready needed for intendity control, no additional hardware is needed for pupil apodization. The
resultant gpodization is digitd, but as can be seen in Fig. 4 (right), this does not yied sgnificant PSF changes
from the apodized monolithic telescope case. Moreover, a number of different coronagraphs can also be
redized. for example, severd of the outer subpupils can be “turned off” to generate square, circular, or
arbitrarily shaped pupils [1]. (Because these pupilswill in fact be digitized versions of the idedlized shapes, pupil
shapes with very fine dructures will not be reproduced fathfully.) Furthermore, Snce the phase of each sub-
aperture beam can in principle dso be adjusted arbitrarily, any arbitrary pupil plane intensty and phase
apodization can potentialy be gpplied by means of afiber bundle. Thus such a*“digita coronagraph” (DC) hasa
great ded of flexibility, an agpect which has been missng in prior coronagraphic designs. Of course, the pupil

can be assembled in any geometry desred amply by trandating the fiber outputs laterdly. The exit pupil

digtribution can then be arbitrarily redefined (e.g., Fig. 5; left), dlowing a host of possbilities for the remapped
pupil, such as a digitized verdon of “phase-induced amplitude gpodization” [8], but without the need for precise
high-order optica surfaces.

Figure 4. Left: Pupil gpodization by intensity control of the pupil subapertures. Right: Comparison of the PSFs
produced by a cos'(pr/2rm.) apodization applied to a monolithic circular aperture (light curve), and a
digitized versgon of the same pupil (dark curve). Within the OWA of the individud sub-gperture sngle-mode
beams (to “angle’ = 32), very little difference between the curvesis seen.

Moreover, the MAT approach is dso a naurd match to “nuling coronagraphs” [7], which rely on the laterd
shearing and re-combination of light from different regions of the pupil. In fact, such nullers can be considerably
amplified by means of a MAT, since such nullers dready rely on an array of sngle mode fibers coupled to
individud DM dements in the “back-end”. The MAT concept dlows extending this downstream pupil
segmentation dl the way back to the input pupil. Thus, in the smplest case, the nuller’ sfiber array needs only to
be mapped to the input fiber array. On the other hand, it is possble to go a step further to combine the two
ideas more seamlesdly. In particular (Fig. 5; right), rather than usng macroscopic shear to superpose different
parts of the aperture, one can instead smply rearrange the outputs of the input fibers so as to co-locate and
intermingle the desired portions of the pupil rext to each other. Then for example, four newly-adjacent beams
can be directly combined in afiber nuller [9,10], without any intervening optics or beamsplitters (Fig. 5; right).
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Figure 5. Left: Pupil remapping by relocation of the subaperture fiber outputs. Each fiber can also have its
intensity and phase adjusted arbitrarily. Right: A 2nd example of pupil remapping, in which the fibers are
interwoven, smulating the effect of lateral beam shear. Each set of 4 fibers can then be combined at a fiber
nuller without the use of any beamsplitters.

7. SUMMARY

The approach to direct detection of faint planetary companions to bright stars discussed here diminates the
high-accuracy monalithic telescope assembly in favor of a close-packed array of amdl telescopes. The envelope
pupil of these subapertures is assembled by means of a Sngle-mode fiber array, and the resultant digitized pupil
dlows for the natural implementation of a variety of coronagraph types. The MAT digital coronagraph isavery
new idea, and so0 not al cases have been explored extensvely yet, but the approach shows great potentid, both
because of the \eriety of coronagraphs enabled, and because the approach can be extended to any envelope
pupil diameter, dlowing space-based MATSs of arbitrarily large collecting areaiin the future. The MAT approach
adso potentidly greatly relaxes the volume, mass, and cost condrants thought to gpply to high-contrast
telescope/coronagraph systems based on large and expensive monoalithic telescope assemblies, thus perhaps
providing a more feasible route to TP~C or to a potentia precursor misson. The next steps clearly cdl for
demongrating such a novdl MAT digitd coronagraph in the lab, after which a digitd coronagraph can be
implemented on a ground-based telescope and/or on a smadl space-based misson. All of thisis of course
subject to funding, but this promisng new approach is ripe for exploitation, and thus requires only support.

Thiswork was carried out at the Jet Propulsion Laboratory, California Ingtitute of Technology, under contract with
the Nationa Aeronautics and Space Administration.
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